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Supplemental Methods 

Fungal RNA extraction 

 Total RNA was extracted from hyphae and perithecia ground in liquid nitrogen using TRIzol 

reagent (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's instruction, with 

additional extraction steps: two phenol (pH 4.6)-chloroform-isoamyl alcohol (25:24:1) extraction steps 

followed by two chloroform extraction steps after the initial TRIzol-chloroform phase separation. RNA 

pellets were dissolved in 88 μL of nuclease-free water and subjected to genomic DNA digestion by 

DNase treatment (Qiagen, Germantown, MD). Then, RNA samples were concentrated using the RNA 

Clean & Concentrator (Zymo research, Irvine, CA). The quality of the RNA was confirmed using the 

Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). About 2 μg of total RNA was used for 

cDNA library construction. 

 

Quality control of RNA-seq data 

 The quality of raw reads (single-end, 50 bp) was assessed with the FastQC program (v0.11.3; 

www.bioinformatics.babraham.ac.uk/projects/fastqc) and poor quality reads were trimmed or filtered out, 

and adapters and homopolymers were trimmed from raw reads, using the ngsShoRT program (v2.2; Chen 

et al. 2014), with option arguments: ‘-lqs 12’, ‘-tera_avg 20’, ‘-5a_mp 98’, and ‘-rmHP_ml 10’. 

 

LncRNA identification  procedure 

 To identify lncRNAs in the de novo annotations, we adopted an established protocol with some 
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modifications (Weirick et al. 2016; Fig. D). We mapped RNA-seq reads to a repeat-masked genome in 

the first place. By doing so, we avoid identifying transposons or repetitive DNA elements as lncRNA. 

Comparison of the mapping rates on the masked and unmasked genome sequences indicated that 3% of 

total reads were derived from repeat regions, implying that many repeat sequences are still being 

transcribed (Fig. A). To discern novel transcripts, the original protocol included transcripts with the 

transcript class codes ‘J’ and ‘U’ tagged by the gffcompare program (Pertea et al. 2016). Furthermore, we 

included transcripts with the transcript class code ‘X’ as our cDNA library preparation protocol preserved 

strandedness. Also, transcripts with the transcript class code ‘P’ were added to our list of novel transcripts, 

as these may include tandemly expressed transcripts, aside from annotated genes in the reference 

annotations. 

 The coding potential assessment tool (CPAT v1.2.2; Wang et al. 2013) was used to assess coding 

probability for all the transcript sequences in the de novo annotations, using a logistic regression model 

and hexamer frequency trained on F. graminearum. The hexamer frequency was calculated for 14,164 

coding gene sequences and for 1,825 noncoding gene sequences in the reference annotations, separately. 

To determine the optimum cutoff value for noncoding transcript prediction, we performed 10-fold cross-

validation with a set of randomly selected 1,825 coding sequences. An averaged two-graph receiver 

operating characteristic curve from 10 validation runs were drawn, and the coding probability threshold 

was determined to be 0.540 (Fig. D). To further filter out potentially coding sequences from the putative 

noncoding transcripts that passed the threshold (CPAT score ≤ 0.540), protein sequences of the putative 

noncoding transcripts were deduced, using the TransDecoder program (v3.0.0; https://transdecoder.github. 
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io), and were queried against the Pfam-A database (v30.0; Finn et al. 2016), using the hmmscan program 

in the HMMER software package (v3.1b2; http://hmmer.org). Also, to exclude any structural ncRNAs 

(e.g. tRNA, rRNA, snRNA) from our list of noncoding transcripts, sequences of the putative noncoding 

transcripts were queried against the Rfam-cm database (v12.1; Nawrocki et al. 2015), using the cmscan 

program in the Infernal software (v1.1.2; Nawrocki and Eddy 2013). Transcripts detected by the hmmscan 

and cmscan programs (E-value < 10-10) were discarded from the list of noncoding transcripts. 

 Differentially expressed (DE) noncoding transcripts were identified, using the Ballgown R 

package (v2.4.2; Frazee et al. 2015). Before the analysis, transcripts with a variance of RPKM values less 

than one were removed, according to Pertea et al. (2016). Among the variance filtered transcripts in the de 

novo annotations, DE noncoding transcripts in at least one developmental stage were identified at 5% 

FDR, using the stattest function with option arguments: ‘timecourse = TRUE’ and ‘df = 5’, and were 

tentatively classified as lncRNAs. 

 

3’ rapid amplification of cDNA ends 

 Primers for 3’ rapid amplification of cDNA ends (3’ RACE) were designed (Table S3), and the 

experiments were performed, according to the previously published protocol with a minor modification 

(Scotto–Lavino et al. 2006). One microgram of the RNA samples from stages S0 and S4 were reverse-

transcribed with the Qt primer (modified to improve annealing of the primer), using the SuperScript IV 

reverse transcriptase kit (Thermo Fisher Scientific, Waltham, MA). Subsequently, 3’ ends of target genes 

were amplified, using Qo and gene-specific primer 1 (GSP1) pairs. Second amplifications were 
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performed using nested primer pairs, Qi and GSP2 to suppress the amplification of non-specific products. 

Amplified fragments from the second amplification (Fig. F) were then extracted and cloned into pJET1.2 

vector, using the CloneJET PCR Cloning Kit (Thermo Fisher Scientific, Waltham, MA), and sequenced 

at Michigan State University's Research Technology Support Facility by using an ABI Prism 3730xl 

genetic analyzer (https://rtsf.natsci.msu.edu/genomics/sequencing-services/sanger). 

 

Classification of lncRNAs 

 A genome arithmetic toolset, Bedtools, (v2.24.0; Quinlan and Hall 2010) was used to determine 

whether lncRNAs are ancRNAs or lincRNAs in relation to genomic coordinates of coding genes listed in 

the de novo annotation. Since a significant proportion of genes are found to be transcribed into more than 

one isoform in fungi (Pelechano et al. 2013), a set of the longest transcripts expressed from each gene 

locus were retrieved using a custom Python script. We classified 280 lncRNAs that overlapped at least 

100 bp to coding transcripts (CPAT score > 0.540) on the opposite strand as ancRNAs, and classified 237 

lncRNAs that did not overlap to any transcripts as lincRNA (Table S1). Thirty lncRNAs were overlapped 

less than 100 bp to coding transcripts or to noncoding transcripts (CPAT score ≤ 0.540), thus were not 

classified. 

 

Small RNA read and degradome tag mapping  

 Raw data for sRNA-seq and degradome-seq data at meiotic stage were obtained from NCBI GEO 

(GSE87835) and NCBI SRA (PRJNA348145), respectively (Son et al. 2017). Following quality control 
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and adapter trimming, we aligned sRNA-seq reads and degradome-seq tags with perfect matches to the 

reference genome sequence, using the HISAT2 program (v.2.1.0; Kim et al. 2015), with option arguments: 

‘--no-spliced-alignment’, ‘--no-softclip’, and ‘--mp 50,50’. After read mapping, we extracted the mapped 

reads with 17–27 nt, using the ‘reformat.sh’ script in BBMap tools (https://sourceforge.net/projects/ 

bbmap), and with ‘T’ at the 5’ end using a custom Python script. We identified genes without antisense 

transcripts on the opposite strand (10,928 out of 20,459 loci) in the de novo annotation, using the 

Bedtools intersect function (v2.24.0; Quinlan and Hall 2010), and used the htseq-count program (v0.8.0; 

Anders et al. 2015), with an option argument: ‘--stranded reverse’ to calculate sRNA read counts for 

different transcript types. For degradome-seq data, mapped reads with 16 and 17 nt were extracted, 

according to the previous study (Son et al. 2017). To calculate degradome tag counts for mRNAs and 

ancRNAs, we used the htseq-count program (v0.8.0; Anders et al. 2015), with an option argument: ‘--

stranded yes’. 

 

Generation of targeted gene-deletion mutants 

 The double-joint PCR and split-marker strategies were employed to generate gene-deletion 

mutants (Catlett et al. 2003; Yu et al. 2004). Primers used in targeted gene deletion are listed in Table S3. 

For the first round PCR, upstream (left flanking) regions and downstream (right flanking) regions of the 

coding sequence of target genes were amplified, using L5 and L3 primer pairs and R5 and R3 primer 

pairs, respectively. L3 and R5 primers have 27 nt-long overhang sequences complementary to the 5′ and 3′ 

ends of a 1,376-bp hygromycin phosphotransferase gene (hph) cassette that was amplified from pCB1004 
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plasmid (Carroll et al. 1994), using HYG5 and HYG5 primers. In the second round PCR, left and right 

flanking regions were fused to the hph cassette through PCR by overlap extension (Yu et al. 2004). For 

the amplification of split marker constructs, the second round PCR products were used as templates for 

the third round PCR with nested primer pairs: N5 and HY-R pairs, and YG-F and N3 pairs.  

 The split marker constructs were introduced into protoplasts by polyethylene glycol-mediated 

genetic transformation as described in Hallen-Adams et al. (2011). Target gene replacement with the hph 

cassette was verified in transformants by PCR checks using primers outside the area of gene replacement; 

L5 and HY-R primer pairs (P1) for upstream regions, and YG-F and R3 primer pairs (P2) for downstream 

regions (Fig. G). The deletion of target genes was checked by PCRs using gene-specific primers (GSPfwd 

and GSPrev). Genetic complementation was accomplished by introducing the coding sequence of the 

XRN1 gene including a 1.5 kb of the upstream region that had been cloned to pDS23 plasmid (Teichert et 

al. 2012) (Fig. G). 

 

RNA-seq for xrn1-deletion mutant 

 To obtain transcriptome data for ∆xrn1, samples for hyphae stage (S0) were collected at 5 days 

after the growth on carrot agar (cf. 4 days for WT), when the fungal colony reached to the margin of 

plates (6 cm in diameter). Also, perithecial development in ∆xrn1 was significantly delayed (Fig. G). 

Thus, samples for the meiotic stage (S4) were collected at 7 days after sexual induction (cf. 4 days for 

WT). After RNA extraction and cDNA library construction, three biological replicates for the two 

developmental stages were sequenced on the Illumina HiSeq 4000 platform (Illumina Inc., San Diego, 
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CA) at the MSU's Research Technology Support Facility. After quality control of raw reads, we obtained 

average 24 million mapped reads per sample. 
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Fig. A. RNA-seq read mapping rates of the perithecia transcriptome dataset. After quality control, single-

end reads were mapped to the repeat-masked genome sequence (A), or the unmasked genome sequence 

(B). Keys indicate as follows: >1–reads mapped on multiple loci, 1–reads mapped on single locus, no–

reads not mapped, low–poor quality reads filtered before mapping. 
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Fig. B. Principal components analysis using the perithecia transcriptome dataset. The developmental path 

calculated by BLIND program (Anavy et al. 2014) was connected with lines where the color indicates the 

relative developmental stages of the samples; the color scheme ‘blue to red’ corresponds to 

developmental stages ‘earlier to later’. Developmental stages as inferred upon sample collection were 

drawn (not to scale) next to the corresponding sample data points. x-axis: the first principal component, y-

axis: the second principal component.  
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Fig. C. MA plots for differential expression analyses. Scatterplots of log2-transformed fold-change versus 

log2-transformed CPM were displayed for 15,476 genes in comparisons of two successive developmental 

stages. Up-regulated genes in the advanced stages are highlighted red, while down-regulated genes are 

highlighted in blue. The numbers of up- and down-regulated genes were shown in each plot. 
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Fig. D. lncRNA identification protocol. (A) A bioinformatics pipeline for lncRNA discovery with RNA-

seq data (see Supplemental Methods for details). (B) Performance evaluation of noncoding transcript 

prediction. Two-graph receiver operating characteristic analysis was performed to determine an optimum 

CPAT cutoff value for noncoding transcript calls. Dashed curves represent the 10-fold cross-validation, 

and solid curves represent the averaged curve from the 10 validation runs. 
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Fig. E. Transcriptome data for vegetative growth of F. graminearum. (A) Spore suspension was 

inoculated on Bird agar media and harvested for RNA extraction at the indicated spore germination stages: 

G0–fresh spore, G1–polar growth, G2–doubling of long axis, and G3–branching of hyphae. Scale bar = 

20 μm. (B) RNA-seq reads mapping rates. After quality control, single-end reads were mapped to the 

repeat-masked genome sequence. Keys indicate as follows: >1–reads mapped on multiple loci, 1–reads 

mapped on single locus, no–reads not mapped, low–poor quality reads filtered before mapping. 
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Fig. F. Verification of lncRNA expression. (A) 3’RACE-PCRs were performed to confirm the expression 

of 8 selected lncRNAs antisense to protein-coding genes, and to determine the 3’ ends of the lncRNAs. 

Amplicons of lncRNAs are labelled as their respective sense gene names; CENP-T—centromere protein 
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T (FGRRES_16954), HIR1—histone regulatory protein 1 (FGRRES_05344), NSE4—non-structural 

maintenance of chromosome element 4 (FGRRES_17018), ORC1—origin recognition complex subunit 1 

(FGRRES_01336), ORC2—origin recognition complex subunit 2 (FGRRES_06122), ORC4—origin 

recognition complex subunit 4 (FGRRES_06231), RMD1—required for meiotic division 1 

(FGRRES_06759), SOR1—sorbitol dehydrogenase (FGRRES_04922). (B) RNA-seq (S0–S5) and 

degradome-seq (DG) reads plots for the selected lncRNAs that were not presented in Figure 4. Per-base 

coverage of transcripts was plotted for both DNA strands in a 5 kb window. The positions of lncRNAs 

(red arrows) and their neighboring genes (white arrows) are shown in the annotation track with genome 

coordinate at the bottom of each panel. (C) A schematic diagram of relative orientations for a pair of 

genes. div.—divergently transcribed gene on the opposite strand, conv.—convergently transcribed gene 

on the opposite strand, up.—upstream gene in tandem on the same strand, down.—downstream gene in 

tandem on the same strand. (D) Correlation of expression levels between neighboring genes. RPKM 

values across 18 samples were used to calculate the Pearson’s correlation coefficient of expression levels 

between neighboring genes, which were re-ordered by the BLIND program (Fig. B). Shown are the 

average Pearson’s correlation coefficients for the 547 lncRNAs and their neighboring mRNA pairs with 

the indicated relative orientations (red bars), considering only pairs within 1 kb of each other. For 

comparison, the average Pearson’s correlation coefficients were calculated for five number-matched 

cohorts of randomly chosen mRNAs and their neighboring genes. The mean values of the results with the 

5 cohorts are presented for each orientation (blue bars), with error bars showing the 95% confident 

interval. 
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Fig. G. Generation of an XRN1-deletion mutant and its genetic complementation. (A) The PCR checks 

with primer pairs (P1 and P2) confirmed homologous integration of the hph cassette to the XRN1 loci. M 

= DNA marker. (B) Comparison of growth rate and colony morphology between the WT and ∆xrn1. 
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Photographs were taken at 4 days after cultivation. (C) Perithecia squash mounts of the wild-type (WT) 

and ∆xrn1 at different developmental stages (S3–S5); At S3, fragmented paraphyses cells were released 

from a squashed perithecia; At S4, white arrows indicate a Crozier cell from which ascus develops 

immediately after karyogamy; At S5, ascospores matured in asci. Note that the perithecia development 

was significantly delayed in ∆xrn1. DPI (days post sexual induction). (D) Genetic complementation of 

∆xrn1. The presence of XRN1 was confirmed by PCR with GSPfwd-xrn1 and GSPrev-xrn1 primer pairs 

(Table S3) in two complemented strains (C1 and C8). Also, the presence of hygromycin 

phosphotransferase (HYG) gene used as a selection marker in the gene replacement experiment and 

nourseothricin acetyl transferase (NAT) gene used as a selection maker in the gene complementation 

experiment were checked by PCR. Perithecia squash mounts of the ∆xrn1 regenerated from protoplast 

and a complemented strain (C1) at S4. Scale bar = 50 μm. 
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Fig. H. Coexpression network analysis for XUTs. Among 762 XUTs at S0, we identified 638 transcripts 

that were differentially expressed in at least one developmental stage at 5% FDR. With the differentially 

expressed XUTs, we performed coexpression network analysis, as did for the 547 lncRNAs (see 

Methods). Trend plots of Z-score normalized expression values for XUTs (number in parenthesis) in a 

given cluster were presented. Other five clusters that have less than 11 members were not shown. Note 

that the expression of clusters 8 and 9 showed increasing patterns across the perithecia development, 

peaking at S4 or S5. 
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Fig. I. Transcriptome data comparison for the wild-type and ∆xrn1. (A) Visualization of transcriptome 

data on the XRN1 locus before the normalization with the expression levels of ribosomal protein gene. 

Per-base coverage of transcripts was plotted for both DNA strands. Mapped reads of 3 biological 

replicates were pooled, then subsampled to 45 million reads for visual comparison of expression levels 

between the wild-type (WT) and ∆xrn1 strain at S0 and S4. Note that no RNA-seq reads was mapped to 

the XRN1 gene locus in ∆xrn1, confirming the targeted gene replacement and homokaryotic nuclei status. 

(B) For the normalization of dataset, ribosomal protein gene annotations were retrieved from the Munich 

Information Center for Protein Sequences (MIPS) F. graminearum genome database (v3.2; 

http://bioinformatik.wzw.tum.de), of which 124 genes showed expression in our dataset. The RPKM 

expression values for 124 ribosomal protein genes between WT (ordinate of plots) and ∆xrn1 strain 

(abscissa of plots) were displayed in plots for transcriptome data at S0 and S4. Blue lines figure the 

regression lines with intersection fixed to zero. 
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Table A. Functional enrichment analyses for differentially expressed genes between two successive 

developmental stages. 
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Table A. (continued) 

a The total number of genes assigned to each GO term 

b The number of differentially expressed genes   
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Table B. Conserved lncRNAs in other eukaryotes. 

 

 a RNAcentral database ID of fission yeast and Drosophila melanogaster lncRNAs. 

b PomBase or FlyBase ID of orthologous genes overlapped to the conserved lncRNAs on the opposite strand. 

c Similarity of deduced amino acids sequence of sense mRNAs between F. graminearum and other eukaryotes. 
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Table C. Expression correlation of selected lncRNAs and neighboring genes. 

a perithecia transcriptome dataset (Samples 1–18) was rearranged by the BLIND program (Fig. B). 

b Gene expression levels were represented in RPKM. 

c Pearson’s correlation coefficient between lncRNA expression and its neighboring gene expression. 
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Table D. Top 80 sRNA clusters across the F. graminearum genome. 
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Table D. (continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Listed were gene IDs of the closest coding genes to the center of respective sRNA clusters. For novel transcripts 

with CPAT score greater than 0.540 that were identified in this study, their genomic coordinates were provided. 

b Gene IDs (Ensembl annotation v32) of noncoding genes and lncRNA IDs, if any, in sRNA clustres were presented.  

c Noncoding genes were classified by Rfam database (v13.0) search (E-value < 10-10; http://rfam.xfam.org). 



                     Kim et al., 2018   Page 28 

Table E. Functional enrichment analyses for sense mRNAs that showed expression correlation with 

antisense lncRNAs. 
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Table E. (continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a The total number of genes assigned to each GO term 

b The number of differentially expressed genes 
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Table F. The annotations of additional lncRNAs found in sRNA clusters. 

a Coding probability, open reading frame (ORF) size (in amino acids), and Fickett score were computed by the 

CPC2 program (v2.0b; Kang et al. 2017). 

b Protein BLAST results were reported for the deduced polypeptide sequences of putative lncRNAs in the NCBI 

website (searched on November 2017). 
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